A three-roll process is a significant technique in the production of wire rod, round bars and hexagonal profiles for structural applications. Better mechanical properties of wire rod, round bars and hexagonal profiles can be achieved due to large plastic deformation by the three-roll process. Asymmetric rolling is a novel technique characterised by a kinematic asymmetry linked to the difference in peripheral speed of the rolls, able to introduce additional shear strains through the bar thickness. In order to achieve this, asymmetrical three-roll rolling process was investigated to better control the deformation compared to the conventional three-roll rolling process in a stand with two three-roll calibers located very close to each other. Simulation of round-triangle-triangle pass rolling was performed. FEM simulations were carried out with using software DEFORM 3D. The influence of the friction coefficient and speed asymmetry on the shear strain and material flow was discussed. The results of simulation can be used to optimize the asymmetric three-roll rolling process to improve the mechanical properties of wire rod, round bars and hexagonal profiles.
Introduction
A three-roll rolling process is a significant technique in the production of wire rod, round bars and hexagonal profiles for structural applications. It is a rolling process in which material is shaped by three rolls in three directions, everyone of which is inclined to the others at 120 0 [1, 2] . Three-roll rolling process has various advantages such as easy flow control, small space requirement, and comparatively uniform deformation, etc. The restriction of the material imposed by the shape of caliber rolls in the three-roll rolling process is greater than that in the two-roll rolling process. The accuracy of the shape of products made by the three-roll rolling process is considered to be higher than that of the two-roll rolling process [1] [2] [3] .
It is well known that efficient way to increase strength of metallic materials is to form an ultra-fine grain structure using severe plastic deformation (SPD) methods [4] . Many different SPD processes have been developed to date. One of the most advanced methods of SPD for manufacturing of long ultrafine-grained metal products is the asymmetric rolling process based on the purposefully generated asymmetry due to difference between the peripheral speeds or diameters of the work rolls [5] [6] [7] . Asymmetrical rolling with different peripheral speeds is more available for industrial application.
Better mechanical properties of wire rod, round bars and hexagonal profiles can be achieved due to large plastic deformation in asymmetrical three-roll rolling process. In asymmetric rolling, the rolling force of the process is greatly reduced in comparison to that of conventional rolling. Reduction of rolling force has a major advantage that very large strains can be imparted into the material for producing ultra-fine grain structures, modification of textures and production of high strength materials. Asymmetric rolling results in the development of strain with strong shear components, both at the surfaces and at the center of the workpiece.
Many works studied the shear strain during asymmetrical two-roll rolling process by using finite element method. Ji et al. [8] investigated deformation mechanics of differential-speed rolling with a high-speed ratio between the rolls by rigid-plastic FEM. It was found out that the shear strain takes a great portion of the total effective strain (~3.5) in average. Ji and Park [6] analyzed various asymmetric rolling processes by the rigid-viscoplastic FEM. The results of the numerical simulation demonstrated that shear strain is more severe in the material layers, where the peripheral speed or friction coefficient is greater. Kim et al. [9] analyzed the effect of speed ratio on the development of shear strain and texture during differential speed rolling. FEM simulation results showed that the effective strain accumulated during asymmetric rolling increased with high-speed ratio.
A new method of asymmetrical three-roll rolling process was suggested in [10] . On the basis of the finite element simulation it was stated that with reduction Research of influence of different technological factors on metal elongation, shear strain and strain effective in a single three-roll caliber was performed in [11] . One of the problems of asymmetrical three-roll rolling is bending of the bar at the exit from the deformation zone what makes its threading into the next pass more difficult. The solution of this problem can be done with using asymmetrical three-roll rolling process in a stand with two three-roll calibers located very close to each other [12] .
The goal of this research is to determine and to compare the effective strain and the shear strain during symmetric and asymmetric three-roll rolling process in a stand with two three-roll calibers located very close to each other. The influence of the friction coefficient and speed asymmetry on the shear strain and material flow was discussed.
Research method
Commercial software DEFORM 3D, based on finite element method, was used to analyze symmetrical and asymmetrical three-roll rolling process. The three-roll rolling process in a stand with two three-roll calibers located very close to each other was performed (Fig. 1) . The shape of the first and the second calibers was triangle. The initial shape of the bar was a round and the final shape was a hexagonal (Fig. 2) . A round bar of d=8.0 mm diameter of AISI 1010 was used. The radius of rolls was R=140 mm. The three-roll rolling process was performed without front and back tensions. Coulomb friction law was used. The friction coefficient μ varied within the range of 0.06…0.36. In the course of simulation, the following assumptions were made: 1) deformed medium -hardened rigid-plastic material; 2) work rolls -absolutely rigid; 3) conditions of deformation -isothermal. To approximate the geometric parameters of the bar, tetrahedral elements were used. Peripheral speeds of the rolls were set according to the relationship (1). Peripheral speed of the first roll in all calculation variants was set constant (V 1 =1.0 m/sec). At the indicated conditions (1) in the contact areas between the workpiece and rolls 2, 3 and 6 the backward slip zones gets longer where the direction of tangential friction forces is along the workpiece movement. In its turn in the contact areas between the workpiece and rolls 1, 4 and 5 the forward slip zones gets longer where the direction of tangential friction forces is opposite the workpiece movement. Thus in the deformation zones the oppositely directed tangential friction forces generate additional shear strains with shear angle ϕ (Fig. 3) In the course of simulation of symmetric and asymmetric three-roll rolling process, the influence of the friction coefficient and speed asymmetry on the shear strain and material flow was studied.
Simulation results and discussion
Simulation of round-triangle-triangle pass rolling was performed. In other words, the initial material shape in the cross section was round, the first caliber shape was triangle and the second caliber shape was inverted triangle. Therefore, the final shape of the bar was a hexagonal. Three-roll calibers were located very close to each other. The distance between the first and the second plastic zones was about 55 mm (Fig. 4) . The process was stable in all calculation variants. Fig. 5 shows the distribution of the strain effective in the cross-section of the rolled bar during symmetrical and asymmetrical three-roll rolling process. It can be inferred that the strain is smaller during symmetrical rolling. Deformation of the bar during cold asymmetrical rolling provides very high additional shear strains resulting from the high friction between the rolls and the workpiece. In Fig. 6 it is shown the flownet and shear angle for different rolling processes. It was obtained, when total elongation is ~2.0 (i.e. S 0 /S 2 =2.0) and friction coefficient is 0.36 then shear angle ϕ is about 45 degrees. Figure 4 . Stress effective field of the rolled bar during FEM simulation of asymmetrical three-roll rolling process in a stand with two three-roll calibers located very close to each other (S0/S1=1.14; S0/S2=1.28;=0.) Figure 5 . Strain effective field on the cross section of the rolled bar after symmetrical (a, c) and asymmetrical (b, d) three-roll rolling process (S0/S1=1.14;S0/S2=1.28;=0.) Figure 6 . Shear angle j after symmetrical (a) and asymmetrical (b) three-roll rolling process (S0/S1=1.39; S0/S2=2.00; m=0.) Diagram (Fig. 7) shows the interrelation of shear angle ϕ and friction coefficient μ during symmetrical and asymmetrical three-roll rolling process in a stand with two three-roll calibers located very close to each other. By analyzing the results of simulation it can be inferred that the shear angle and the shear strain are very small during symmetrical rolling. If the friction coefficient is very high (for example, 0.36), but the total elongation is small (S 0 /S 2 =1.28) then the shear angle and the shear strain are very small during asymmetrical rolling too. ACMME 2015 03006-p.3 
Conclusions
For manufacturing of hexagonal profiles it was developed asymmetrical three-roll rolling process in a stand with two three-roll calibers located very close to each other. FE simulation of shear angle and shear strain during cold symmetrical and asymmetrical three-roll rolling process was presented in this paper. Speed asymmetry of the work rolls was equal to elongation of the bar material. When total elongation is high (S 0 /S 2 =2.0) and friction coefficient is 0.36 then shear angle ϕ is about 45 degrees after asymmetrical rolling. If the friction coefficient is very high, but the total elongation is small (S 0 /S 2 =1.28) then the shear angle and the shear strain are very small during symmetrical and asymmetrical rolling. FE model can be used to optimize the asymmetrical three-roll rolling process to improve the microstructure and the mechanical properties of hexagonal profiles. Further experimental investigation of the asymmetrical three-roll rolling process is required.
